A procedure for the purification of Mg2+-Ca2+ adenosinetriphosphatase (EC 3.6.1.3) from E. coli, yielding relatively large amounts of highly active enzyme, is described. The enzyme consists of four nonidentical subunits. Trypsin treatment of purified enzyme yields a preparation consisting exclusively of the two larger subunits, which are sufficient for ATPase activity. Purified enzyme is inhibited by 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole; this inhibition is reversed by dithiothreitol, and the diazole is found preferentially associated with the 13-subunit of the enzyme. Antibody prepared against the trypsin-treated enzyme inhibited various ATP-dependent reactions as well as membrane-bound ATPase itself.
. The growth medium consisted of Bacto Tryptone (1%), yeast extract (0.5%), and NaCl (1%) (all w/v). ATPase activities were measured with [y32-P]ATP as described (14) . ATP-driven and respiration-driven transhydrogenase and ATP-and respiration-driven quenching of fluorescence of 9- amino-6-chloro-2-methoxyacridine (15) were assayed by published methods. Protein was determined by the procedure of Lowry (16) , with bovine serum albumin as a standard. Gel electrophoresis in the presence of sodium dodecyl sulfate (DodSO4-) was performed according to Weber and Osborn (17) . The procedures for fixation, staining, and destaining of the gels were described (18) .
Regular gel electrophoresis was performed as follows: 50 mM Tris-glycine buffer (pH 8.7) was used for both chambers. Preparation of the gels involved mixing of 11.1 ml of 0.1 M Tris-glycine (pH 8.7) 5 ml of H20 (for 5% gels), 5 ml of acrylamide solution (22.2 g of acrylamide and 0.6 g of methylenebisacrylamide in a final volume of 100 ml of H20), 1.1 ml of freshly prepared ammonium persulfate (15 mg/ml), and 30 Al of tetraethylmethylene diamine. The mixture was poured into 12 tubes (0.5 cm X 7 cm). It was covered with a few millimeters of water and allowed to polymerize for 2 hr. The tubes were first run at a constant current of 2 mA per tube for 1 hr, and the samples were run under the same conditions. The samples, up to 50 Ml, were added in 10% (w/v) sucrose or glycerol solutions. The gels were fixed, stained, and destained as described for the DodSO4-gels.
3H-Labeled 7-chloro-4-nitrobenzene-2-oxa-1, 
RESULTS
Purification and Characterization of the A TPase. About 280 g, wet weight, of E. coli K12, strain A428, were washed with 0.1 M Tricine * NaOH-0.1 M MgCl2-6 mM 2 mercaptoethanol-60 mM NH4C1 (at pH 7.8) and resuspended in 800 ml of the same buffer. The cells were broken in a French pressure cell at 20,000 lbs./inch2, and the unbroken cells and debris were removed by centrifugation at 8000 X g for 10 min. The cell extract was centrifuged at 40,000 X g for 2 hr, and the pellet was homogenized in 175 ml of 0.4 M sucrose-10 mM Tricine-10 mM NaCl(at pH 8.0) and stored at -70°. These frozen membranes were thawed and mixed with half the volume of a solution of protamine sulfate (2 mg/ml). After 20 min, the mixture was centrifuged at 40,000 X g for 50 min and the resulting pellet was resuspended in sucrose-Tricine-NaCl (100 ml). These steps were performed at 40; all subsequent steps ATP, and 10% glycerol (400 ml in each chamber). The most active fractions were pooled, and 428 mg/ml of ammonium sulfate were added to a final concentration of 65% saturation.
The resulting suspension was centrifuged immediately at 10,000 X g for 10 min, and the resulting precipitate dissolved in a minimum volume (5-10 ml) of 50 mM Tricine * NaOH-2 mM EDTA-10% glycerol-1 mM ATP (at pH 7.8). This suspension became turbid after a few minutes, and the insoluble material was removed by centrifugation at 10,000 X g for 10 min. The supernatant was applied to a column of BioGel A 0.5m (1.25 X 100 cm) equilibrated with Tricine-EDTAglycerol-ATP. The column was eluted with the same buffer at a rate of one drop per min, and fractions of 3 ml were collected. The most active fractions were applied to a sucrose gradient (1 ml of Bio-gel fraction per tube) of 5-15% in Tricine-EDTA-glycerol-ATP. The gradients were run at 150
in the SW-27 rotor at 96,000 X g for 20 hr. Fractions of 1.5 ml were collected, and those exhibiting specific activities exceeding 100,moles of Pi released per min/mg of protein were stored at -70°. The purified enzyme could be stored for as long as 4 months with no significant loss in activity.
The purification of ATPase is summarized in Table 1 . A 50-fold purification of the enzyme was achieved by this procedure. Gel electrophoresis (Fig. lc) indicates that the purified enzyme is nearly homogeneous, and as judged by electrophoresis in DodSO4-( Fig. la and b) , the enzyme consists of four nonidentical subunits (a, f, y, and e). Based on the intensity scan of the DodSOc4 gels and the corresponding molecular weights of the subunits (11), the ratio of a:,B:y in this enzyme is about 2:2: 1.
The specific activity of the purified enzyme varies as a function of both magnesium and ATP concentration (Fig. 2) . The optimal ratio ATP: Mg2+ is about 2: 1, and the enzyme is inhibited when the concentration of magnesium is increased. (17) . After it was stained and destained, the gel was scanned at 600 nm in an attachment of the Gilford spectrophotometer. 7.5% gel was used. (b) The DodSO4-gel electrophoresis pattern of purified ATPase. (c) Regular gel electrophoresis of purified ATPase. ATPase (20 ug) was applied and electrophoresis was performed as described in Materials and Methods.
The Km for ATP, when for each ATP concentration the optimal magnesium concentration was used, was 0.25 mM.
Inhibition of the enzyme activity by ADP is illustrated in Fig. 3 . Similar results have been obtained by other authors (10) (11) (12) . In addition, we have confirmed the inhibitory action on the enzyme activity by sodium azide and Pi (11, 12) .
Inhibition of ATPase by Diazole. The sulfhydryl reagent, 2-chloro-4-nitrobenzo-2-oxa-1,3-diazole, inhibits the ATPase activity of factor 1 and coupling factor 1 T. Two to three molecules of diazole per molecule of enzyme were sufficient to inhibit these coupling factors, and the inhibited enzyme could be reactivated by the inclusion of dithiothreitol during the assay. As illustrated in Fig. 4 , ATPase from E. coli was sensitive to the diazole, and the inhibition was reversed by dithiothreitol. It was of interest to determine if preferential binding occurred to one of the subunits. Purified Mg2+-CaO+ ATPase was incubated with [3H]diazole and subjected to electrophoresis on DodSO4-gels (in the absence of mercaptoethanol). Subsequent counting of each of the bands demonstrated that most of the counts appeared in the , subunit (Table 2 ). Similar results were reported for factor 1 and coupling factor 1 1. a ""T " . . . The tubes were incubated in the dark for 24 hr and subsequently assayed. Purified enzyme (0.7 Mg) was used for the assay described in Materials and Methods. An identical amount of enzyme was assayed in the presence of 1.5 mM dithiothreitol (0). of the two largest subunits (a + ,B) . A similar preparation of a and ,B subunits was isolated after trypsin treatment of the purified Mg2+-Ca2+ ATPase (Fig. 5) . This preparation retained most of the ATPase activity of the native enzyme, and was inhibited by ADP. Antibody that was prepared against the purified a and mixture inhibited the ATPase activities of the native enzyme, the membrane-bound Mg2+-Ca2+ ATPase (Fig. 6) , as well as the ATPase activity of the trypsin-treated Mg2 +-Ca2+ ATPase. In addition, the ATP-driven transhydrogenase (Table 3) and ATP-driven quenching of fluorescence of 9-amino-6-chloro-2-methoxyacridine (not shown) were also 20 ul of 10% DodSO4 were added and the incubation was continued for another 30 min. DodSO4 gels were run with samples containing 18 ,ug of protein. Gel electrophoresis was performed for 4 hr on a 7.5% gel. The gels were stained for 30 min and destained for 4 hr. The gels were sliced with a width of 3 mm, and the slices were incubated in 1 ml of Soluene-100 for 60 min at 600. The samples were subsequently dissolved in toluene scintillation fluid and counted in a liquid scintillation counter.
* The background (slices cut from positions without bands) was 20 cpm and was the same irrespective of the position from which the gel was sliced.
t cpm of the 20-M1 sample. inhibited by antibody prepared against the a and (3subunits. The respective respiration-driven reactions were unaffected. The procedure used was as follows: 6 ml of purified enzyme at 0.4 mg/ml in Tricine-EDTA-glycerol-ATP and about 10% sucrose was incubated at room temperature for 5 hr with 0.15 ml of TPCK-trypsin (5 mg/ml). This mixture was then diluted 1:1 with distilled water. Solid ammonium sulfate (428 mg/ml) was added to give 65% saturation, and the suspension was centrifuged at 20000 X g for 10 min, The pellet was dissolved in the buffer and applied to a BioGel AO.5m column (1.25 X 100 cm) equilibrated with the buffer. The column was run with the same buffer at a rate of one drop per min. The peak fractions were stored at -70°.
DISCUSSION
Bragg and Hou (9) reported the purification of E. coli ATPase with a specific activity of 35 units per mg of protein, consisting of five different subunits. The preparation of Hanson and Kennedy (11) consisted of four different subunits on DodSO4-gels, but with very low specific activity. Mg2t-Ca2+ ATPase purified by the procedure described in this report has a specific activity of about 150 units per mg of protein, and also consists of four subunits.
Trypsin treatment of the enzyme gives an active preparation consisting exclusively of subunits a and fB. These two subunits are therefore sufficient for catalytic activity of the enzyme. A similar property has been described for coupling factor 1 1. Bragg et al. (19) have recently shown that the elution of ATPase from a gel after electrophoresis yielded a preparation incapable of reconstituting respiration-and ATPdriven transhydrogenase in suitably depleted membrane particles from E. coli. It is of interest that this preparation was devoid of the a subunit, resembling the preparation of Hanson Membrane particles of E. coli K12, strain A428, were prepared as described (2) and assayed for respiration-and ATPdriven transhydrogenase (20) . For each assay, 0.95 mg of particle protein was used. The sera were included during the preincubation period. A large body of evidence has now been accumulated emphasizing the striking similarity of the bacterial ATPase and coupling factors from subcellular organelles. It is interesting to note that both the subunit composition as well as the relative amounts of the subunits in the various enzymes are similar. The fact that E. coli. ATPase appears to require a minimum of four different cistrons leading to the synthesis of different numbers of subunit polypeptide molecules suggests an interesting question concerning the regulation of either synthesis or assembly of the enzyme.
